The reprogramming of fibroblasts to induced pluripotent stem cells raises the possibility that somatic cells could be directly reprogrammed to cardiac progenitor cells (CPCs). The present study aimed to assess highly efficient protein-based approaches to reduce or eliminate the genetic manipulations to generate CPCs for cardiac regeneration therapy. A combination of QQ-reagent-modified Gata4, Hand2, Mef2c, and Tbx5 and three cytokines rapidly and efficiently reprogrammed human dermal fibroblasts (HDFs) into CPCs. This reprogramming process enriched trimethylated histone H3 lysine 4, monoacetylated histone H3 lysine 9, and Baf60c at the Nkx2.5 cardiac enhancer region by the chromatin immunoprecipitation quantitative polymerase chain reaction assay. Protein-induced CPCs transplanted into rat hearts after myocardial infarction improved cardiac function, and this was related to differentiation into cardiomyocyte-like cells. These findings demonstrate that the highly efficient protein-transduction method can directly reprogram HDFs into CPCs. This protein reprogramming strategy lays the foundation for future refinements both in vitro and in vivo and might provide a source of CPCs for regenerative approaches. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1415-1424 
INTRODUCTION
Despite major developments in cardiac infarction therapy, repopulation of the injured heart remains a severe challenge. Because stem cells possess the capacity to produce a large number of functional specific cell types, either in situ or ex vivo, for transplantation, stem cells can be used to replace lost or damaged tissue [1] [2] [3] . Although embryonic stem cells and induced pluripotent stem cells (iPSCs) possess cardiogenic potential, the efficiency of cardiac differentiation, the risk of tumor formation, and issues of cellular rejection are barriers to clinical application. Transplantation of cardiac progenitor/stem cells to improve cardiac function holds clinical potential [4] [5] [6] . However, autologous cardiac progenitor cells (CPCs) exist in very low numbers within the heart. Also, whether they have great heart regenerative capacity remains controversial. Thus, a larger source of cells for cardiac regeneration is needed [7, 8] .
The discovery of iPSCs toppled the view that development can only proceed unidirectionally [9] and suggests that the pluripotent state can be bypassed [10] ; that is, noncardiomyocytes can be directly converted into cardiomyocyte-like cells. One group reported on a defined small-molecule cocktail (SB431542, CHIR99021, parnate, and forskolin) with bone morphogenetic protein 4 (BMP4) and only one transcription factor, Oct4, which enabled highly efficient conversion of mouse fibroblasts into cardiac cells without entering the pluripotent state [11] . Takeuchi and Bruneau showed that two cardiac transcription factors, Gata4 and Tbx5, and a cardiac-specific subunit of BRG/Brm-associated factor (BAF) chromatin-remodeling complexes, Baf60c, could direct ectopic differentiation of mouse mesoderm into beating cardiomyocytes [12] . Gata4, Mef2c, and Tbx5 (GMT) could directly reprogram fibroblasts to cardiomyocyte-like cells both in vitro and in vivo [13, 14] . However, it was also reported that GMT overexpression in tail tip fibroblasts and cardiac fibroblasts was inefficient at inducing molecular and electrophysiological phenotypes of mature cardiomyocytes [15] . Another study reprogrammed noncardiomyocytes into functional cardiac-like myocytes by forced expression of Gata4, Hand2, Mef2c, and Tbx5 (GHMT) [16] . Moreover, the addition of ESRRG, MESP1, myocardin, and ZFPM2 to GMT could further enhance reprogramming [17] . Even myocardin, together with Tbx5 and Mef2c, also successfully reprogrammed cells in vitro [18] . MicroRNAs, which repress gene expression, can mediate direct conversion of fibroblasts to cardiomyocytes with or without other reprogramming factors [19] [20] [21] . Despite certain successes, some problems remain unresolved. These include safety issues stemming from the integration of foreign genes into the host genome and from the use of viral vectors. A promising alternative strategy for reprogramming is to not use viruses for CPC clinical translation.
Proteins, especially transcription factors, can modulate the gene expression of the host cells, leading to complete transformation of the parental phenotype. Therefore, researchers have sought to reprogram cells by directly delivering proteins of defined transcription factors. Delivering reprogramming proteins to cells is free of virus and no DNA integration method is needed. Because proteins with a high molecular weight cannot freely enter cells, several protein delivery methods are available for the reprogramming strategy. Proteins can be transferred using streptolysin O-mediated reversible permeabilization [22, 23] . 11R-tagged recombinant transcription factors can effectively generate iPSCs [24] . Nanotubemediated protein delivery systems also have been shown to activate genes for pluripotency in somatic cells [25] . Similarly, delivered proteins can also transdifferentiate fibroblast to cardiomyocytes. It has been demonstrated that the purified 11R-tagged recombinant transcription factors TAT-ETS2 and TAT-MESP1 are capable of reprogramming human dermal fibroblasts (HDFs) into immature cardiomyocytes [26] . However, the reprogramming efficiency is very low, and it is still unclear which transduction system would be the most suitable for proteinbased cell reprogramming. The QQ-reagent is a recently developed protein transduction reagent (US patent 2009/0298111 A1). It can deliver proteins into mammalian cells with high efficiency and low cytotoxicity [27] . In the present study, we report the effect of this de novo protein delivery method on reprogramming HDFs to CPCs. Our study lays the foundation for developing methods for protein reprogramming and our results hold promise for the regeneration of cardiomyocytes after myocardial infarction (Ml).
MATERIALS AND METHODS
A detailed methods section is provided in the supplemental online data.
RESULTS

Modified Proteins Can Be Delivered Into Human Dermal Fibroblasts With High Efficiency
In the present study, we used a simple, nonviral-based protein delivery system, the QQ-reagent, for protein-induced CPCs (piCPCs) from HDFs without genetic modifications. The proteins were individually modified by the QQ-reagent and incubated with fibroblasts for 12 hours. We then tested the uptake of these proteins in HDFs. Flow cytometry analysis demonstrated that .96% of cells were positive for modified proteins after 12 hours of delivery (Fig.  1A) . Immunostaining indicated that the proteins were released from the complex and transported to the nucleus of the fibroblasts (Fig. 1B) . QQ-modified proteins were more highly transduced into cells compared with unmodified proteins. Moreover, the QQreagent and modified proteins had no cytotoxicity on HDFs (Fig. 1C) . We also investigated the time-course uptake of modified protein in HDFs. Immunostaining showed that little protein had been delivered into HDFs at 6 hours. However, greater protein uptake was seen at 12 and 24 hours than at 6 hours at the same concentration (supplemental online Fig. 1 ).
Gata4, Hand2, Mef2c, and Tbx5 Together Reprogram HDFs Toward a CPC State
We transduced HDFs using four QQ-reagent-modified cardiac transcription factors (Gata4/Hand2/Mef2c/Tbx5 [mGHMT]). We classified the protein-induced reprogramming step into three stages during piCPC generation by mGHMT ( Fig. 2A) . We also used BMP4 and activin A as cardioinductive growth factors and basic fibroblast growth factor (bFGF) as a progenitor cell maintenance factor [11] . The Isl-1 gene, a CPC marker, was used to optimize reprogramming efficiency. Isl-1 expression was significantly increased from day 4 to day 32 after mGHMT reprogramming compared with days 0 and 2 (p , .001; supplemental online Fig. 2A) . BMP4, activin A, and bFGF were added to the mGHMT reprogramming medium at day 4. mGHMT, plus BMP4 and activin A, greatly upregulated Isl-1 expression compared with the expression in other groups, with or without bFGF at day 8 (p , .001; supplemental online Fig. 2B ). Withdrawing BMP4 and activin A at day 8 maintained Isl-1 expression, but it was downregulated without bFGF at day 12 (supplemental online Fig. 2C ). At stage 1, the cells exhibited a long rhombus shape. At stage 2, the rhombus-shaped cells had proliferated and physically touched each other. Also, the cells became more compact and began to form circles. At stage 3, the cells had begun to aggregate and started showing typical colony formation by days 4-8. At stage 4, the cells had also aggregated and had formed many small colonies after digestion and passage ( . Consistent with previous findings [28] [29] [30] [31] , robust expression of Flk-1 and Isl-1 (cardiac progenitor markers) was detected during the early cardiac reprogramming stage by quantitative polymerase chain reaction (qPCR) (Fig. 2C ). Flk-1 and Isl-1 became highly misexpressed by stage 3 after protein induction. Antibodies specific to these markers were increased in the piCPC colonies at day 8 and after cell passage (Fig. 2D) . The fibroblast markers, type I collagen a2 (Col1a2) and fibroblast-specific protein 1 (FSP1) [32] , were significantly downregulated after the fibroblasts were reprogrammed to piCPCs at the gene ( Fig. 2C ) and protein (Fig. 2D ) level. As a protein delivery control, GFP was highly transduced into fibroblasts (supplemental online Fig. 3B ). No change in Flk-1 and Isl-1 expression was detected after GFP transduction (supplemental online Fig. 3B ). The percentage of Flk-1-and Isl-1-positive cells had increased approximately 80.92% 6 8.23% and 83.63% 6 5.91% after reprogramming for 8 days compared with those untreated (0.02% 6 0.001% and 0.01% 6 0.001%, respectively; Fig. 2E ). These results suggest that the current reprogramming protocol could successfully downregulate fibroblast markers and upregulate cardiac progenitorspecific markers.
piCPCs Differentiate Into Three Cardiac Lineages Under Cardiac Differentiation Conditions
It is inherent for piCPCs to differentiate into three cardiac lineages; however, guiding the progenitor cells to differentiate to a Figure 1 . Cellular uptake of proteins with or without QQ-reagent modification after incubation for 12 hours. Anti-His tag antibody was used to show Gata4/Hand2/Mef2c/Tbx5 proteins. (A): Flow cytometry analysis showed that Gata4 was greatly increased from 4.22% 6 1.86% to 97.61% 6 3.72%; Hand2 was increased from 10.34% 6 2.19% to 99.51% 6 0.40%; Mef2c was increased from 0.71% 6 0.08% to 96.31% 6 3.21%; and Tbx5 was increased from 6.87% 6 2.02% to 98.62% 6 1.18% after QQ-reagent modification. Vehicle was used as a negative control with or without QQreagent modification. (B): QQ-reagent-modified or -unmodified proteins were detected by immunostaining in fibroblast after transduction for 12 hours. Green cells were His tag-positive; 49,6-diamidino-2-phenylindole was used to stain nuclei (blue). All images were merged. Vehicle was used as the negative control with or without QQ-reagent modification. Scale bars = 100 mm. (C): Cell viability was detected by MTT assay. No statistically significant differences were found among these three groups (p . .05; n = 3). Abbreviations: Ctr, untreated cell; mGHMT, modified Gata4/Hand2/ Mef2c/Tbx5; OD, optical density; PBS, phosphate-buffered saline; QQ, QQ-reagent treatment. specific lineage is challenging. Moreover, the ability to achieve controlled differentiation toward a specific lineage would further strengthen the clinical application of these cells. To investigate the ability of piCPCs to form the three cardiac lineages, we modified the cardiac differentiation strategy (Fig. 3A) using the findings from a previous report [10] . Wnt inhibition could generate cardiomyocytes from human embryonic stem cell-derived mesoderm cells. The addition of the small molecule IWR-1, an inhibitor of the canonical Wnt pathway, led to the acquisition of terminally differentiated cardiomyocytes [33] [34] [35] . However, we showed that piCPCs could differentiate into, not only cardiomyocytes, but also endothelial cells and smooth muscle cells in the presence of IWR1 on gelatin-coated dishes. The gene expression of transcription factors for cardiac myocyte differentiation, including Gata4, Mef2c, and Nkx2.5, were significantly upregulated in differentiated cells. Similarly, the expression levels of cardiomyocyte filament proteins, cardiac troponin I (cTnI) and cardiac troponin T, were also significantly upregulated. CPCs can differentiate into smooth muscle cells and endothelial cells, other than cardiomyocytes, during embryonic development. Consistently, when we switched to differentiation medium, expression of the endothelial marker gene CD31 and the smooth muscle cell maker gene MYH11 was upregulated (Fig. 3B) . Fluorescent immunostaining showed that cardiac markers (myosin heavy chain [MHC] and myosin light chain 2), endothelial cell markers (CD31 and CD34), smooth muscle cells (smooth muscle MHC [smMHC] and a-smooth muscle actin) were expressed in differentiated cells (Fig. 3C) . Of the differentiated cells, 15%-20% expressed CD31 and 2%-5% expressed smMHC, suggesting that few piCPCs had differentiated into endothelial cells and smooth muscle cells. In contrast, most piCPCs (.70%) had differentiated into cTnI-positive cells (Fig. 3D) . The results of this comprehensive gene and protein expression analysis suggested that piCPCs could differentiate into the three cardiac lineages, and most of them were cardiomyocyte-like cells.
Beating cells were detected after the piCPCs had differentiated for 20 days (supplemental online Movie 1). The current-voltage relationship of I K1 was determined by evoking current-voltage steps to various potentials from 2120 mV to 10 mV from a holding potential of 240 mV at 0.2 Hz. No I K1 current was detected in the HDF cells. However, I K1 can be recorded in beating cardiomyocytes after 20 days of differentiation from piCPCs (Fig.  4A) . The density of I K1 in the induced-cardiomyocyte group was significantly increased (p , .05) compared with that in the HDF group (Fig. 4B) . The proof of cardiomyocyte-like function derived from piCPCs was displayed by calcium signals (supplemental online Movie 2). Those I k1 current and spontaneous Ca 2+ transients revealed that the piCPC-differentiated cells had cardiomyocytes properties.
Epigenetic Chromatin Modifications of Nkx2.5 Enhancer After Protein Reprogramming Reflect a Progenitor Cell State
The cardiomyocyte enhancer recapitulates the expression pattern of the endogenous gene in cardiogenic precursors from the onset of lineage specification to looping of the heart tube [36] . The mammalian homolog of Drosophila tinman, Nkx2.5, plays an early role in regulating cardiac genes and morphogenesis. Our results have demonstrated that Nkx2.5 was upregulated during mGHMT protein reprogramming at both mRNA (Fig. 3A) and protein (Fig. 5A ) levels. Immunofluorescence showed that Nkx2.5 was located in the nucleus of piCPCs (Fig. 5B) .
The Nkx2.5 gene is ideally suited for this experiment, because it is activated in CPCs and harbors two well-defined enhancers: an early cardiac-specific enhancer at 29 kb from the start site of transcription and a stomach-, pharynx-, and thyroid-specific enhancer at 22.8 kb [37, 38] . By sequence comparison with human, mouse, rat, and dog genes, evolutionarily conserved regions were found within the 10-kb regulatory sequence [39] . The site of the conserved human cardiac-specific enhancer was at 210 kb (210,764 base pairs [bp] to 210,464 bp; Fig. 5C ). This 210-kb enhancer contains two high-affinity binding sites for Gata and a high-affinity binding site for Mef2. The signals that make the enhancer accessible during lineage commitment are unknown, although, once open, its activity depends on Gata4 [37] . To determine whether mGHMT has any effect on chromatin state, we analyzed the enrichment of histone modifications in the enhancer regions of the cardiac progenitor-specific gene Nkx2.5. We analyzed the enrichment of trimethylated histone H3 lysine 4 (H3K4me3) and monoacetylated histone H3 lysine 9 (H3K9ac), which mark transcriptionally active chromatin [40] . These makers were examined in both HDFs and day-12 piCPCs using chromatin immunoprecipitation (ChIP), followed by qPCR. After reprogramming, H3K4me3 and H3K9ac increased on the 210-kb enhancer region; however, no enrichment was found at the noncardiac enhancer or nonenhancer region of Nkx2.5 in piCPCs compared with HDFs (Fig. 5D) .
A BAF chromatin remodeling protein, Baf60c, can initiate cardiogenic differentiation in mouse embryos by recognizing the chromatin of cardiac genes to enhance target selectivity [41] . To further investigate the mechanism of protein reprogramming, we determined whether Baf60c localized to a native cardiac enhancer within chromatin during mGHMT reprogramming. The distribution of Baf60c showed a pattern identical to two histone modifications (H3K4me3 and H3K9ac) associated with active enhancers on the 210-kb cardiac enhancer region by ChIP-qPCR (Fig. 5D) . These results suggested that fibroblast-derived piCPCs gained an open chromatin status for at least some cardiac progenitor-specific genes.
These results show the combinatorial contribution of four DNA-binding transcription factors in regulating the cardiac transcriptome and provide evidence that histone modifications and chromatin remodeling proteins are important in this process.
piCPC Transplantation Improves Heart Function After Myocardial Infarction
To investigate whether piCPCs can improve cardiac function after myocardial infarction (MI), we injected piCPCs into rat heart tissue immediately after left coronary artery ligation. Echocardiographic analysis showed that both the ejection fraction and fractional shortening were progressively improved at 1-4 weeks in hearts transplanted with piCPCs compared with the vehicle group. The left ventricular internal diameter at end-diastole and left ventricular internal diameter at end-systole were significantly decreased in the hearts receiving piCPCs at 4 weeks after MI compared with the vehicle groups ( Fig. 6A; supplemental online Fig. 4) .
Rat cardiac axial magnetic resonance T 2 -weighted imaging showed signal loss in infarcted hearts transplanted with superparamagnetic iron oxide (SPIO)-labeled cells compared with the vehicle control group (Fig. 6B, red arrow) . Moreover, fibrosis of infarcted areas was observed in Masson's trichromestained myocardial sections after coronary ligation at 4 weeks. Hearts undergoing piCPC transplantation showed decreased fibrosis compared with those treated with vehicle at 4 weeks after MI (Fig. 6C) . Immunofluorescence demonstrated that the engrafted piCPCs with the cell tracer SPIO were positive for cTnI and CD31 (Fig. 6D) . These results suggest that transplantation of piCPCs played an important role in attenuating left ventricular remodeling after MI. These results further support the observation made in vitro that piCPCs can develop into cardiac lineage cells.
DISCUSSION
It was reported that retroviral expression of GMT resulted in much less efficient cardiomyocyte reprogramming in mouse MI experiments, even in nude mice [42] , compared with that of forced overexpression of GHMT [16] . On that basis, we used GHMT with four additional growth factors to directly reprogram CPCs from HDFs. We have demonstrated that the combination of four QQ-modified transcription factors (GHMT) and three growth factors (BMP4, activin A, and bFGF) can rapidly and efficiently induce more than 80% piCPCs from HDFs. The piCPCs were similar to the cardiac progenitors in morphological appearance, colony formation, activation of endogenous cardiac marker genes, and cardiac lineage differentiation potential. The present study has demonstrated that functional cardiac progenitors can be generated from somatic cells via a nonviral method. Although much refinement and characterization of the reprogramming process will be necessary, the findings we have reported provide an improved and potentially safer method of generating CPCs for regenerative purposes. Immunofluorescent staining for cTnI (red), CD31 (red), and anti-dextran (SPIO, green) of heart sections after piCPCs were transplanted 4 weeks after MI. White arrows point to transplanted cells or colocalization of cTnI or CD31 with SPIO. Scale bars = 100 mm. Abbreviations: cTnI, cardiac troponin I; DAPI, 49,6-diamidino-2-phenylindole; EF, ejection fraction; FS, fractional shortening; LVDd, left ventricular internal diameter at end-diastole; LVDs, left ventricular internal diameter at end-systole; piCPCs, protein-induced cardiac progenitor cell; SPIO, superparamagnetic iron oxide; W, week. Heart development is controlled at different molecular levels by cardiac gene regulatory networks, involving transcription factors, signal pathways, epigenetic factors, and microRNAs. It is well known that cardiac transcription factors can bind to DNA in host cells to trigger the specific transcription network. The four reprogramming factors Gata4, Hand2, Mef2c, and Tbx5, are core transcription factors during early heart development [43, 44] . Additionally, cytokines, BMP4, activin A, and bFGF play an important role in promoting piCPC generation in our study. Significant challenges remain in our ability to convert fibroblasts to cardiomyocyte-like cells, and a greater understanding of cardiovascular epigenetics is needed to increase the translational potential of this strategy. In contrast to the relatively advanced knowledge of signaling pathways, the epigenetic alterations that accompany or potentiate cardiogenesis are largely unexplored. The activity of Baf60c is necessary during cardiac commitment but is dispensable for maintenance of the differentiated phenotype. Baf60c can mediate interactions between cardiac transcription factors and the BAF complex adenosine triphosphatase Brg1, thereby potentiating the activation of target genes [45] . In our study, baf60c was enriched at Nkx2.5 cardiac-specific enhancers, which also contain Gata4-and Mef2c-binding sites, suggesting that they might interact during piCPC generation. Similar to a previous report [36] , we found that H3K9ac and H3K4me3 are enriched at active promoters of Nkx2.5. They could be potential mechanisms of enhanced cardiac-specific gene expression in our study.
CONCLUSION
With ischemic cardiomyocyte loss and post-MI fibrosis, the ventricle wall becomes thin. piCPCs that are directly reprogrammed in vitro might be applicable for replacing the dead heart muscle. The use of undifferentiated CPCs as building blocks to grow specific tissue types in vivo is of great interesting for regenerating the myocardium. However, it will be critical to determine whether key physiological properties are faithfully reproduced after reprogramming, such as the electrophysiological properties of action potentials and ionic currents. Further study is also needed to investigate the characteristics of in vivo differentiated cardiomyocytes from piCPCs in their native environment, which might promote survival, maturation, and coupling with neighboring cells.
